We report the development of a continuous-wave, room-temperature Cr 21 :ZnS laser that is compact and tunable over 700 nm. The laser is pumped by a diode-pumped Er-fiber laser and generates 0.7 W of linearly polarized radiation at 2.35 mm, at up to 40% slope efficiency. Cr 21 :ZnS directly diode-pumped at 1.6 mm yields polarized radiation that is tunable over 400 nm at up to 25 mW of output power. A comparison of Cr 21 :ZnS with Cr:ZnSe (70 mW, 350 nm) in a similar setup is given. As opposed to Cr:ZnSe, the Cr:ZnS laser is intrinsically polarized. Finally, we observe sensitization of the output radiation by a few milliwatts of the visible (470 -500-nm) and near-infrared (740 -770-nm) radiation.
The new class of transition-metal-doped zinc chalcogenides, 1 in particular, Cr:ZnSe, have attracted a lot of attention since the mid-1990s as broadly tunable continuous-wave (cw), 2, 3 mode-locked, 4, 5 and diode-pumped 6 -8 lasers operating near 2.5 mm. This interest is explained by the absence of other comparable tunable room-temperature laser sources in this spectral region. However, another member of the II -VI compound family, Cr:ZnS, 1,9,10 which together with Cr:ZnSe has served for the past three decades as a model object in spectroscopic investigations, has remained barely studied as a laser medium. Recently, we demonstrated the f irst cw room-temperature Cr 21 :ZnS laser that is tunable over 280 nm near 2.3 mm. This laser is pumped with a Co:MgF 2 laser and yields over 100 mW of output power. 9 In this Letter we report on a cw room-temperature Cr 21 :ZnS laser that is pumped by a compact Er-fiber laser and is broadly tunable over ϳ700 nm. The Cr 21 :ZnS laser yields up to 700 mW of output power and up to 40% slope efficiency of polarized radiation. We also report the first directly diode-pumped tunable version of this laser, which is pumped by two conventional telecommunications laser diodes at 1.6 mm, and provide a comparison with the corresponding diode-pumped Cr:ZnSe laser. 8 One of the principle features that we observed in the case of Cr:ZnS and that differentiates this crystal from Cr:ZnSe is its intrinsic birefringence.
In the study reported in this Letter we used a Cr:ZnS sample grown by the physical vapor transport (PVT) method. This sample also demonstrated birefringence, similarly to Cr:ZnS crystal grown by the chemical vapor transport method (CVT). 9 X-ray analysis revealed hexagonal metrics in both crystals with the following lattice constants: a b 0.381 nm, c 0.935 nm, a b 90
However, the structure of the crystals was not that of wurtzite but was a modification of the cubic structure, with a certain degree of hexagonality (for details, see Ref. 9) . Such crystals are known to demonstrate natural birefringence. 11 -13 The lowering of the local crystalline f ield symmetry as a result of anisotropy may cause an increase in the oscillator strength and a corresponding lifetime decrease. Indeed, our luminescence and lifetime measurements produced a larger transition cross section and shorter room-temperature lifetime than reported earlier for cubic Cr:ZnS crystals (14 3 10 219 cm 2 and 4.5 ms, respectively, in Ref. 9 versus 7.5 3 10 219 cm 2 and 8 ms in Ref. 1 .
The laser cavity [ Fig. 1(a) ] was formed by a f lat dichroic mirror, a folding mirror with an R 50 mm radius of curvature, and a plane output coupler varying from 1% to 10%. The plane-parallel crystalline plate was mounted on the room-temperature aluminum holder. The crystal of the PVT-grown Cr:ZnS was an ϳ2.5-mm-thick uncoated plate with 98% absorption at 1.6 mm. For comparison, we used a 1-mm-thick antiref lection-coated CVT-grown Cr:ZnS sample (60% absorption at 1.6 mm).
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The diode-pumped Er-fiber laser (IPG Laser, 5-W polarized output) was focused onto the crystal by the uncoated 75-mm lens. The choice of the pump source is a crucial point for Cr:ZnS, since the absorption band of Cr 21 is centered at 1.67 mm, and only a few cw lasers are able to deliver suff icient power in this region. Alternatively, we used two InGaAsP-InP laser diodes, each providing up to 0.5 W of the output power from a 100-mm broad stripe [ Fig. 1(b) ]. The diode-pumping arrangement is the same as for Cr:ZnSe, 8 allowing direct comparison with the present setup. Approximately 55% of the pump power was absorbed in the crystal; 34% was lost in the collimating system, and 15% was due to the ref lection on the uncoated ZnS crystal surface. To explore the limits of Cr:ZnS crystals in terms of power and tunability, we f irst used the Er-fiber laser as a pump source. One of the characteristic features of Cr:ZnS turned out to be the fact that the laser output was always linearly polarized parallel to a certain axis, irrespective of the pump polarization. This axis corresponds to the [111] axis of the cubic structure or [001] axis of the hexagonal component. With 10% output coupler, the output power reached 700 mW at 2.65 W of absorbed pump power, with a 110-mW threshold [filled circles, Fig. 2(a) ]. The excessive thermal loading prevented pumping of the laser much over 2.65 W of absorbed power. The physical mechanisms of the roll-off could be the thermal self-focusing of the pump, 14 thermal lensing, or lifetime thermal quenching. However, using a 1:1 chopper, we could achieve more than 1 W of output power [open circles, Fig. 2(a) ] at 34% slope eff iciency. This result correlates with the 40% slope efficiency found in the case of the CVT-grown sample [triangles, Fig. 2(a) ], which had slightly lower losses per round trip (5.5 6 0.5% versus 7 6 1.5%), measured with the inverse slope efficiency analysis. 15 This analysis also gave a value of 63% as the limiting slope eff iciency, which is close to the 68% quantum limit at 2350 nm. We thus infer that Cr:ZnS has negligible excited-state absorption, like Cr:ZnSe. 7 Note that in the case of the thinner CVT sample the thermal roll-off begins earlier, preventing us from pumping the laser with more than 1 W of the absorbed power. Both samples, however, sustain the same amount of absorbed power per unit length of the crystal.
Using a CaF 2 Brewster prism as a tuning element, we were able to demonstrate tunability over ϳ700 nm from 2170 to 2840 nm [filled circles, Fig. 2(b) ], using the single mirror set. Using the shorter-wavelength optics, we could extend the tuning range down to 2110 nm [open circles, Fig. 2(b) ]. We believe that extension of the tuning range toward the infrared is also feasible with the use of a corresponding set of mirrors and purging of the resonator to remove water vapor [solid curve in Fig. 2(b) ]. The oscillation linewidth was measured to be less than 0.4 nm ͑,20 GHz͒ and was limited by the resolution of our monochromator.
Direct diode-pumped operation was realized with two pump diodes simultaneously, as shown in Fig. 1(b) . The laser output characteristics in the case of the diode pumping of Cr:ZnS are given in Fig. 3(a) . The threshold power of the Cr : ZnS laser was 175 mW of absorbed power (30 mW for Cr:ZnSe in Ref. 8 ). With 6.8% output coupler, the polarized TEM 00 laser output reached 25 mW at 570 mW of absorbed power and a slope eff iciency of ϳ8%, which is less than 70 mW at 460 mW of absorbed power and 17% slope efficiency in the case of the Cr : ZnSe. 8 The direct comparison with Cr:ZnSe is correct, as we used a similar ϳ2-mm-thick uncoated plane-parallel plate of Cr:ZnSe in the same pump and cavity conf iguration. The higher threshold and lower eff iciency are obviously due to higher losses of our Cr:ZnS sample. We were also able to demonstrate diode-pumped operation of the CVT-grown Cr:ZnS crystal, but because of the low absorption and pump ref lection on the crystal surfaces, the maximum output power was only 1.1 mW.
Using a birefringent (Lyot) filter made from crystalline quartz as a tuning element, we could demonstrate smooth tunability over 400 nm, from 2250 to 2650 nm [filled circles, Fig. 3(c) ]. To our knowledge, this tuning range is the broadest ever demonstrated in the diode-pumped chalcogenides. For comparison, the tuning curve of the Cr:ZnSe sample under the same conditions is shown [open circles, Fig. 3(c) ]. 8 The structure of the tuning curves is due to water absorption as well as the etalon effect of the air gap between the crystal surface and the input mirror. The oscillation linewidth was measured to be less than 0.4 nm ͑,20 GHz͒.
Since the spectral luminescent parameters of the Cr:ZnS sample are close to those of the Cr:ZnSe, we explain the lower efficiency and higher threshold of Cr : ZnS by the higher passive losses. Although the measured losses of 14%͞cm (7 6 1.5% per round trip though the 2.5-mm-thick crystal) are lower than the corresponding value of 27%͞cm for the CVT-grown Cr:ZnS (5.5% per round trip through the 1-mm-thick crystal), which was studied previously, 9 they are still considerably higher than in Cr : ZnSe ͑ϳ4%͞cm͒. Finally, as an interesting observation we would like to mention the sensitivity of the output radiation of the Cr:ZnS laser to low-power (a few milliwatts) excitation in the visible wavelength range. Depending on the wavelength of this additional excitation, the output power either increases or decreases. This phenomenon was f irst observed in diode-pumped Cr:ZnSe. 16 when it was excited in the visible and the near infrared. In our experiment with Cr:ZnS, we observed an increase of the laser output power when the sample was additionally excited by ϳ5 mW in the wavelength range from 740 to 770 nm and a decrease of the output power when the sample was excited by 5-10 mW at l , 520 nm (l 476, 488, 496 nm). This observation deserves a separate study. Here we note only that these two experimentally determined excitation bands [which are wavelength shifted from the analogous bands in Cr:ZnSe (see Ref. 8) denote a hole in the valence band and an electron in the conduction band, respectively. Using this model, we can then explain the decrease of the laser output power as a reduction of the active-ion concentration in the first process and growth of the output power as a decrease of the active ion concentration as a result of the second process. The quantum yield of the latter is quite low [4% for Cr:ZnSe (Ref. 17) ]. However, even a small increase of the number of active ions in the four-level Cr : ZnS laser noticeably affects its output power. This observation, as in the case of Cr:ZnSe, is potentially useful for optical switching.
In conclusion, we have demonstrated what is to our knowledge the first directly diode-pumped cw Cr:ZnS laser that is broadly tunable over ϳ400 nm. Another compact but relatively more expensive Er-fiber-pumped version of the Cr : ZnS laser, yielding 0.7 W of polarized TEM 00 radiation that is tunable over ϳ700 nm at 34% slope efficiency, demonstrates the good power-handling capability of this laser crystal.
